Heat from inflowing magma may act to seal permeable networks that assist passive outgassing at volcanic conduit margins and in overlying domes, reducing the efficiency of overpressure dissipation. Here we present a study of the evolution of permeability-measured under magmatic conditions-with increasing temperature in glassy and glass-poor basaltic andesites from Merapi volcano (Indonesia). Whereas the permeability of glass-poor rocks decreases little up to a temperature of 1,010°C, glassy specimens experience a pronounced decrease in permeability above the glass transition once the viscosity of the crystal suspension is low enough to relax under external stresses. Changes in temperature alone are thus not enough to significantly modify the permeability of the glass-poor rocks that commonly form Merapi's dome. However, the presence of glass-rich domains in a dome may lead to local sealing of the volcanic plumbing between eruptions, exacerbating localized overpressure development that could contribute to explosivity.
Introduction
The precarious balance between overpressure development and dissipation in volcanic systems is one of the fundamental controls on eruption behavior (Eichelberger et al., 1986; Jaupart & Allegre, 1991; Mueller et al., 2008; Woods & Koyaguchi, 1994) . Volatiles can outgas when a permeable network develops by shear-induced bubble coalescence (Okumura et al., 2009 (Okumura et al., , 2006 (Okumura et al., , 2008 or magma fracture (Kushnir et al., 2017; Stasiuk et al., 1996; Tuffen & Dingwell, 2005) . However, the efficiency of volatile release to the atmosphere depends on the time-dependent availability of preexisting outgassing pathways across conduit margins and through the edifice structure. Any impediment to gas escape via these avenues leads to an inevitable increase in pressure within the volcanic plumbing system, increasing the likelihood of an explosive response.
Volatiles often make their way to conduit margins where strain is localized (e.g., Gaunt et al., 2014; Thomas & Neuberg, 2012; Tuffen & Dingwell, 2005) and permeable networks can either siphon volatiles through the conduit walls Jaupart, 1998) or direct them up along the conduit margins (Gaunt et al., 2014; Kushnir et al., 2017; Lavallée et al., 2013; and to the surface via the overlying edifice structure (Collinson & Neuberg, 2012; Collombet, 2009; Jaupart, 1998) . The ability of the surrounding conduit wall rock to dissipate accumulated volatiles is dependent on the rock's structure, which may experience continued microstructural modification when exposed to temperatures that carry the amorphous phase of the rock above its glass transition (Kennedy et al., 2010; Schauroth et al., 2016) . Indeed, fluctuations in temperature at conduit margins can lead to shifting zones of rock compaction and viscous deformation that operate to limit permeability (Heap et al., 2017) . In particular, because the stresses necessary to induce viscous deformation in melts are much smaller than those needed to compact volcanic rocks, the cessation of flow of magmatic volatiles may be more efficient at high temperatures (Heap et al., 2017) and result in overpressure development within the volcanic edifice.
The permeability of volcanic products has been extensively studied under ambient laboratory conditions (e.g., Bernard et al., 2007; Farquharson et al., 2015; Klug & Cashman, 1996; Kushnir et al., 2016; Saar & Manga, 1999; Wright et al., 2009 ) and while such measurements can provide critical post mortem insight into the processes governing permeability creation and destruction, they only provide a snapshot of a moment in the structural evolution of volcanic materials. Further, the permeability of erupted volcanic products may be modified by postemplacement processes-for example, cooling (Gaunt et al., 2016; Vinciguerra et al., 2005) (Siebert, 1984) -that play important roles in the upper edifice and dome but may be less appropriate in constraining fluid movement deeper within the conduit. Thus, the expansion of these studies to conditions appropriate to the middle-to lower-conduit requires the implementation of high temperature techniques. So-called in situ permeability measurements have been performed on granites (Moore et al., 1994; Morrow et al., 2001; Summers et al., 1978; Watanabe et al., 2017) , amphibolites and gneisses (Zharikov et al., 2003) , ophiolites (Coelho et al., 2015) , limestone (Bakker et al., 2015; Fischer & Paterson, 1992) , marble (Fischer & Paterson, 1992) , sandstone (Fischer & Paterson, 1992) , and glass-free dacites (Gaunt et al., 2016) . However, to date, only one study has addressed the implications of permeability evolution with changing temperature on eruptive behavior, highlighting the competing micromechanisms that act to create and destroy permeable networks in volcanoes (Gaunt et al., 2016) .
Here we consider the complexities of measuring permeability at high temperature under steady state flow conditions for glassy and glass-poor basaltic andesites from the 2010 eruption of Gunung Merapi (Indonesia). We explore the processes that modify the permeability of these materials as temperature is increased to 1,010°C under hydrostatic conditions and, subsequently, cooled to ambient laboratory conditions and the implications of these attendant processes on volcanic outgassing.
Permeability and Temperature
Permeability, k, is a fundamental rock property that is controlled by a material's void space microstructure. Darcy's law, Q v = À (kA/μ) × (∂P/∂x), is the constitutive equation used to describe the efficacy of fluid flow along some length, ∂x, of a permeable material under an applied differential pore fluid pressure, ∂P, where Q v is the volumetric flow rate, μ is the viscosity of the pore fluid, and A is the cross sectional area available for flow. Darcy's law assumes that (i) there is conservation of mass of the pore fluid along the sample, (ii) the temperatures of the sample and pore fluid are constant and equal to each other, and (iii) changes in sample microstructure occur over timescales longer than the time of observation. For a sample with a fixed length, L, and assuming steady state flow, permeability is
where ΔP = P d À P u and P u and P d are the upstream and downstream pore fluid pressures, respectively. Equation (1) assumes that the pore fluid is incompressible. For a compressible pore fluid, permeability is calculated by
where P m = (P u + P d )/2 is the mean pressure across the sample (see supporting information for a comprehensive derivation).
Equation (2) assumes that the temperatures in the pore fluid reservoirs upstream and downstream of the sample are equal to the sample temperature and remain constant throughout measurement. This assumption is not satisfied when the majority of the pore fluid volume resides outside a furnace, as is often the case when performing laboratory measurements (Bakker et al., 2015; Gaunt et al., 2016; Moore et al., 1994; Morrow et al., 1981 Morrow et al., , 2001 Zharikov et al., 2003) . Therefore, the effect of temperature on the volumetric flow rate of the pore fluid must be considered before the effect of temperature on the sample permeability can be assessed.
To account for the change in volume induced by the temperature gradient between the sample (high temperature) and where volumetric flow is measured (room temperature), Morrow et al. (2001) calculate the flow rate through the heated sample:
where Q T is the volumetric flow rate through the sample, Q v is the flow rate measured at ambient laboratory temperature by the flow meter, V T is the specific volume of the pore fluid at temperature T, and V v is the specific volume of the pore fluid as it passes through the flow meter. This correction can be restated:
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where ρ v and ρ T are the density of the pore fluid at ambient laboratory temperature and the sample temperature, respectively. Therefore, the permeability of a sample at high temperature when measuring Q v at ambient laboratory conditions is
where μ T is the viscosity of the pore fluid as it flows through the sample.
Methods
We measured permeability under hydrostatic conditions in an internally heated pressure vessel equipped with a pore fluid pressure system (see supporting information). In this study, both the confining medium and pore fluid were argon. Two volumetric flow rate meters measuring Q v up to 1 or 300 mL/min, respectively, were installed in parallel at the sample outlet and operated at gas pressures below 2 MPa. The mean pore fluid pressure, P m , never exceeded 1 MPa. For rock samples between 10 and 15 mm in diameter and 15 mm in length, this system can measure permeabilities between 10 À13 and 10 À19 m 2 .
All samples were jacketed in iron sleeves, effectively separating the pore fluid from the confining medium. At high temperature (above 380°C, see supporting information), the strength of the iron jacket is low (Frost & Ashby, 1982) and the jacket molds to the sample shape, creating an effective seal between the inside of the jacket and the sample sides. To avoid jacket punctures and leaks, all rock samples were cored to 10 mm diameter and placed in 2.5 mm thick Teflon (for T < 400°C; see supporting information) or copper (for T ≥ 400°C) sleeves, which were subsequently mounted in iron-jacketed sample assemblies.
Permeable ceramic spacers were placed on either end of the samples, ensuring that the pore fluid impinged uniformly on the entire sample end. We note that while we could monitor the fluid flow (Q v ) through all samples, two of the rocks (HT-2 and HT-3; Table S1 ) were more permeable than the ceramic spacers and we could not determine their permeabilities. To mitigate the influence of the ceramic spacers on the permeability measurements, we drilled 4 mm diameter holes into the spacers to ensure that they did not act as bottlenecks to flow.
Samples were heated at 10°C/min to each target temperature and the microstructure was allowed to equilibrate for 1 h before permeability was measured; the time allowed for sample equilibration and measurement did not exceed 2 h for any given temperature step. The sample temperature was monitored using an N-type thermocouple placed 3 mm above the sample, and the temperature did not vary by more than 2°C across the sample length. The temperature profile along the entire furnace length ( Figure S2 ) did not vary by more than 24°C between the sample position and furnace extremities; therefore, we consider that the temperature of the pore fluid entering and exiting the sample was the same as the sample temperature. Once the maximum desired temperature was reached and permeability at that temperature was measured, samples were cooled at either 10°C/min or 20°C/min to ambient laboratory temperatures. All permeability measurements were made under a confining pressure, P c , of 50 MPa; the effective pressure, P eff = P c À P m , on the sample was approximately 49 MPa for all measurements.
To measure permeability under steady state flow conditions, a constant pore fluid pressure, P u , was applied upstream of the sample and monitored using a pressure gauge. P d was atmospheric pressure. Permeability was determined by increasing P u and recording the stabilized Q v for each P u increment. The permeability of all samples was corrected for the effect of temperature on volumetric flow and, if necessary, the Forchheimer (Forchheimer, 1901) and Klinkenberg (Klinkenberg, 1941) effects (see supporting information).
To verify our methodology, we confirm the experimental efficacy of equation (4) by measuring the permeability of a ceramic standard (74% Al 2 O 3 + SiO 2 Umicore mullite ceramic) as a function of temperature. The coefficient of thermal expansion of the ceramic is 5 × 10 À6 /°C (resulting in a total volumetric expansion of only 0.4 vol % at 800°C) and the material shows no structural degradation up to 1,200°C (Latella et al., 2006) , thus, the permeability of the ceramic should remain constant up to 800°C. The permeability of the mullite ceramic was measured at five different temperatures: 25, 200, 400, 600, and 800°C (Table S1 ); permeability measurements at 25°C and 200°C were performed at the end of the heating cycle to ensure that there was sufficient coupling between the iron jacket and the sample. The error on the permeability measurements is ±3.5%.
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Before accounting for the change in argon density as a result of temperature, the permeability of the ceramic standard appears to decrease with increasing temperature (Figure 1a ). However, when the change in argon density is taken into consideration, this decreasing trend is absent. This confirms that all volumetric flow rate data gathered at elevated temperature must be corrected for the change in pore fluid density before changes in permeability can be assessed as a function of temperature.
Materials: Basaltic Andesites From Merapi, Indonesia
We measured the permeability of two different types of basaltic andesite sampled from the deposits of the 2010 eruption of Merapi (Indonesia) for which the permeability-microtexture relationships have been previously described by Kushnir et al. (2016) . Type 2 basaltic andesites are scoriaceous to blocky in hand sample and are the eruptive products of the juvenile magma produced and extruded during the course of the 2010 eruption. The permeability in these samples is vesicle-and fracture-controlled, and the relative importance of these void space geometries changes with connected porosity; in scoriaceous samples, vesicles exert a more important control on permeability than in the more dense blocks, though permeability is fundamentally controlled by the fractures that connect these pores (Figure 2a ). Type 3 basaltic andesites represent the dome rocks emplaced at the end of the previous eruption and are relatively glass-poor compared to the Type 2 rocks. The permeability of these rocks is dominantly fracture controlled but is also influenced by diktytaxitic textures (Figure 2b) . Table S1 , as well as for the effect of temperature on the density of the pore fluid. The error on all measurements lies within the symbol size. (c) Differential scanning calorimetry of the Types 2 and 3 basaltic andesites. (d). Volumetric flow rate, Q v , and temperature evolution through time for HT-2. The sample permeability falls below 10 À19 m 2 between 900 and 920°C over approximately 8 min.
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Differential scanning calorimetry (DSC; see Heap et al., 2017 for measurement details) of the Type 2 and Type 3 basaltic andesites heated at 25°C/min show the onset of a calorimetric glass transition at 520°C (Figure 1c ). We note that the Type 3 rock contains only trace glass phase and the DSC peak is small but present. This glass transition temperature is consistent with an H 2 O content of 1.1 wt % (we derived the viscosities using Giordano et al., 2008 and the average glass composition given by Erdmann et al., 2016 and Preece et al., 2016) . In all samples, the glass transition peak is followed by a large endothermic peak beginning at 690°C that is associated with a large mass loss event (shown by thermogravimetric analysis, see Figure S6 ). This peak likely reflects the loss of dissolved magmatic water (Giachetti et al., 2015) . In Type 2 samples, the onset of a crystallization exotherm occurs at 974°C, preceded by a small endothermic peak at 924°C, possibly related to a second boiling event. All reported permeability measurements were conducted at temperatures below or in excess of the observed mass loss event between 690°C and 800°C -attributed to a loss of magmatic water from the system-ensuring that the mass of pore fluid entering and exiting the sample was conserved.
Results
In this study, we measured the permeability of one Type 3 sample (HT-1) and three Type 2 samples (HT-2, HT-3, and HT-4); sample details and permeability data are given in Table S1 . Sample HT-1 (Type 3) Geophysical Research Letters 10.1002/2017GL074042 remained permeable throughout heating and cooling (Figure 1b) , though its permeability decreased by 8 × 10 À17 ± 7 × 10 À18 m 2 above 900°C (this represents a fractional change in permeability of only 0.02). Upon cooling, the permeability of this sample did not change. The overall microstructure of the Type 3 basaltic andesite remained notably unchanged up to T = 1,010°C (Figure 2d) : we see no qualitative change in fracture density and the diktytaxitic textures remain preserved.
The permeability of samples HT-2 and HT-3 (both Type 2) fell below 10 À19 m 2 (the minimum permeability that can be measured in our system) above 900°C, as demonstrated by the decrease of Q v to 0 mL/min (Figure 1d ). Both samples were cooled once Q v decayed to 0 mL/min; neither sample became permeable during cooling. In thin section, we note that Type 2 samples experienced a significant reduction of the area fraction of vesicles after being heated above 900°C, though some through-going fractures remained (Figure 2c ).
The permeability of sample HT-4 remained constant up to 600°C, with a small increase noted at 400°C (Figure 1b) ; this excursion is within the variance of the measurements. At 800°C, the sample experienced a decrease in permeability of~2 orders of magnitude to 10 À16 m 2 . The permeability of this sample did not stabilize at 800°C but continued to decrease with time, reflecting an unstable microstructure. Since the microstructure did not stabilize over the course of the measurement, the sample was cooled to room temperature. Permeability remained constant during cooling (Table S1 ).
Discussion
All samples in this study experienced a decrease in permeability at temperatures above 800°C. The permeability of these samples is controlled by the connectivity of a pore-fracture microstructure; therefore, permeability reduction was dependent on the efficiency of the closure of these features. To assess the dominant processes in the densification of our samples, we consider the surface tension timescale and the timescale of stress-induced compaction . The surface tension timescale, which is responsible for the collapse of pore space due to surface tension forces, is defined as τ t = Rη m /Γ, where R is the pore radius, η m is the melt viscosity, and Γ is the surface tension of a hydrous melt, taken to be 0.07 N/m (Gardner & Ketcham, 2011) . The compaction timescale, which defines the timescale for stress-driven compaction, is defined as τ c = η s /σ, where σ is the applied stress on the sample (Sparks et al., 1999) .
where η m is the melt viscosity, Φ is the crystal fraction of the sample, and Φ m is the maximum closed packing fraction for crystals (Maron & Pierce, 1956) . For a suspension of particles consistent with typical phenocryst and microlite aspect ratios, we assume a Φ m of 0.538 (Mueller et al., 2011) . In this study, σ = P eff = 49 MPa and Φ = 0.5.
We compare τ t and τ c for each target temperature, assuming an H 2 O content of 1.1 wt % and a pore radius of 50 μm, consistent with the pore sizes observed in HT-3 and HT-4 (Table S3 and Figure 3 ). We find that in our system compaction under the effective stress dominates; however, above 700°C, this timescale is much shorter than the time spent at any of the temperature steps (<2 h; Figure 3 ).
In this study, P m did not exceed 1 MPa. Further, because the pore fluid was argon, the partial pressure of H 2 O in the permeable network was significantly lower than 1 MPa resulting in a pressure gradient capable of driving H 2 O diffusion from the melt filaments (at P c = 50 MPa) to the pore space, consequently increasing the melt viscosity over time. At 600°C and an initial water content of 1.1 wt %, the diffusivity of total water in rhyolitic liquids, D T , is 2.26 × 10 À13 m 2 s À1 (Zhang & Ni, 2010) . The timescale required for thorough diffusion can be approximated by λ D = l 2 /D T . In our experiments, the length scale, l, of the interpore distances is between 20 and 100 μm, confirmed using scanning electron microscope (SEM) imaging and the time required to completely degas the interpore filaments at 600°C is between 29 and 736 min. While the upper limit of this timescale Figure 3 . Timescales of compaction-driven, τ c , and surface tension-driven, τ t , densification. τ c and τ t are calculated using the glass composition of the basaltic andesites used in this study for water contents of 1.1 and 0.06 wt %. The time taken for each permeability measurement, τ, is denoted by the blue dashed line. Processes operative and observable over τ are to the left of the blue dashed line. The time taken for permeability shut-off in samples HT-2 and HT-3 is denoted by the red dot.
Geophysical Research Letters 10.1002/2017GL074042 is longer than the time spent at 600°C (≈120 min), melt dehydration was a continuous process and resulted in complete melt dehydration by 800°C, consistent with the mass loss event observed by DSC. We conclude that the dissolved water contained in the melt was reduced significantly before the timescale of compaction became comparable to the measurement length and assume a low equilibrium water content of 0.06 wt % in our estimation of melt viscosity. At 900°C, the timescale of relaxation for compaction is approximately 3 min (Table S3) , which is consistent with the timescale over which we observe permeability reduction in our experiments (Figure 3) . Therefore, permeability reduction in our system is controlled by stress-induced viscous compaction of the pore network. We highlight that since the measurements were conducted under hydrostatic conditions, compaction was uniform in all directions.
While the permeability of the Type 3 basaltic andesite (HT-1) decreased above 900°C, the sample remained permeable up to 1,010°C; this is explained by the negligible mass fraction of glass within the sample. Without significant glassy components to be remobilized at high temperature, the microstructure could not viscously relax and the permeability of this rock remained largely unchanged. We note that the use of an argon pore fluid in the present study precludes dissolution/precipitation mechanisms that act to reduce permeability in other high temperature permeability studies (Moore et al., 1994; Morrow et al., 2001; Summers et al., 1978) .
The heating rates used in this study are expected to incite thermal expansion of crystals and thermally induced cracking (Richter & Simmons, 1974) , which may modify the sample microstructure of the basaltic andesites; however, we see no evidence in the permeability data to suggest this. By contrast, a decrease in permeability of nearly four orders of magnitude up to 800°C has been observed in spine-forming dacites from Mount St. Helens (MSH), USA ( Figure S7 ). This overall decrease in permeability has been attributed to competing micromechanisms during heating, including thermal expansion of crystals, thermally induced microcracking, rock-water chemical healing, and crystal plasticity (Gaunt et al., 2016) . However, Gaunt et al. (2016) do not account for the change in density of the water pore fluid between the hot sample and the significantly cooler fluid reservoirs. We note that when the Mount St Helens data are corrected for the effect of temperature on the density of water, the change in permeability becomes less than 2 orders of magnitude ( Figure S7 ). The connected porosity of the MSH dacite used in that study amounted to only 0.06, and permeability was fracture controlled. With a crystal fraction of nearly 1, reactivation of any residual glass phase with increasing temperature was not operative in modifying the overall rock permeability and, thus, permeability reduction was sensitive to fracture closure due to thermal expansion of crystals. While thermal cracking in those rocks acted to combat permeability decrease, water-facilitated precipitation-driven crack sealing acted to further reduce permeability at T < 600°C. We conclude that the microstructural changes proposed by Gaunt et al. (2016) do very little to modify the permeability of the samples in the present study. Indeed, permeability of our volcanic materials is largely unaffected by changes in temperature below the calorimetric glass transition. However, once the melt viscosity is sufficiently lowered, the onset of permeability reduction and shutoff is rapid, suggesting an efficient process with profound consequences.
Conduit reheating and sealing is a physically feasible process that has been identified at rhyolite-basalt interfaces (Kennedy et al., 2010; Schauroth et al., 2016) . While we conclude that a significant increase in temperature is unlikely to result in a pronounced modification to the permeability of a devitrified volcanic dome between eruption cycles, remobilization of any residual glass phase both in the edifice and at conduit margins remains a compelling process for drastic and efficient permeability reduction. Sufficient reheating of glassy samples triggers porosity collapse and fracture healing, the rate of which is dependent on the amount by which T g is surpassed (Okumura & Sasaki, 2014) . Indeed, at Merapi, magma storage and pre-eruptive recharge temperatures were between 925 and 1,000°C prior to the 2010 eruption ; such temperatures are high enough to remobilize the glass phase of the juvenile samples used in this study, which may have resulted in thermally induced sealing of the permeable network. This process of reheating and relaxation remains a potential mechanism for sealing at conduit margins (Heap et al., 2017; Kennedy et al., 2010; Schauroth et al., 2016) , inhibiting volatile escape to the surrounding edifice and contributing to gas overpressures that may tax the volcanic plumbing at depth. However, we emphasize that this process will undoubtedly be accompanied by other processes that significantly alter permeability including deformation (Farquharson et al., 2016; Heap et al., 2017; Kushnir et al., 2017; Laumonier et al., 2011; Lavallée et al., 2013; Okumura et al., 2010 Okumura et al., , 2009 Violay et al., 2015) 
Conclusions
So-called in situ-under high-temperature and/or high-pressure conditions-permeability measurements permit us to begin to characterize the processes attending permeability development in magmas in the absence of microstructural overprinting that inevitably accompanies the emplacement of volcanic rocks. We emphasize that a correction for the change in pore fluid density between the sample (which controls permeability) and the pore volume reservoirs (where volumetric flow rate is measured) must be applied when assessing the permeability of rock samples measured at high temperature.
A simple case study of the permeability of glassy and glass-poor basaltic andesites from Merapi suggests that permeability is largely insensitive to temperature until the calorimetric glass transition of the glass phase is exceeded and the viscosity of the crystal suspension is reduced sufficiently to accommodate any applied stresses. The microstructure of these samples is consistent with a sequence of processes: (i) viscous relaxation of the interstitial glass, (ii) resulting in a loss of competence of the material, and (iii) viscous compaction under the elevated effective pressure. The resultant porosity loss causes the permeable network to seal, effectively curtailing fluid flow. However, an increase in temperature up to 1,010°C does not significantly alter the permeability of the Type 3 basaltic andesite owing to the distinct lack of interstitial glass. Thus, any significant reduction in permeability in response to high temperature requires the presence of a glass phase that can be sufficiently remobilized to seal preexisting gas pathways, facilitating overpressure development within the volcanic edifice.
